Abstract: Double diffusion encoding (DDE) MRI is a technique in which two diffusion weighted periods are applied between excitation and acquisition. This allows to acquire structural information (as pore size and shape) and molecular exchange between compartments, in terms of apparent exchange rate (AXR). However, it has not been well investigated yet whether the diffusion restriction underlying DDE size estimation may compromise AXR results.
Introduction
Double diffusion encoding (DDE) [1] employs two diffusion weightings per acquisition. It can be used to acquire microstructural information that is not easily available using non-invasive techniques [2] . In this kind of magnetization preparation (see Figure 1 and 2), it is possible to vary the angle (ψ) and the time (mixing time -) between the innermost diffusion gradients pulses. This provides means to study microstructural characteristics of a sample [3, 4] . The theoretical work by Mitra [2] predicts that (under idealized, i.e. conditions δ  0 and Δ  ∞) for randomly oriented water filled pores, the diffusion-weighted signal S(q,ψ) will be related to the size of the compartment when  0 as in (1) at small values of (γ: gyromagnetic ratio, δ: gradient duration; G: gradient strength), where denotes the compartment's mean squared radius of gyration. Notice that Eq (1) is slightly different from the original approximation [2] since in this paper a stimulated echo sequence is used together with the conventions from Shemesh et al. [1] .
The situation changes when the mixing time is long. At τ m ∞, this angular dependence will vanish for spherical pores. For nonspherical pores, a different angular dependence appears in the 4 th order of q.
Experiments have shown that it is possible to estimate sizes in various samples: emulsions, quartz sand, yeast, isolated grey matter from pig (using an MR spectrometer) [5] and in the space between plastic beads, in radish, in porcine spinal cord [6] and in humans in vivo [7] using clinical MR equipment with weak gradient systems (< 80 mT m -1 ).
Furthermore, DDE has been used to estimate molecular exchange between compartments. Åslund et al [9] , based on the work of Callaghan and Furó [8] , developed filter exchange spectroscopy (FEXSY). FEXSY showed that exchange rates can be assessed in a sample with well-defined compartments (yeast suspension). Based on FEXSY, Lasič et al. [10] implemented the imaging version of it: filter exchange imaging (FEXI) and introduced the concept of apparent exchange rate (AXR) as a method to estimate molecular exchange between compartments. Promising results have been published for yeast [10] and for humans in vivo [11, 12] .
For measuring AXR [10] , a stimulated echo version of DDE (DDE-STE) (see Figure 2 ) is used and the time between the two innermost diffusion gradient pulses ( ) is varied. The first pair of diffusion gradient pulses acts as a filter, attenuating the signal from fast diffusing spins. The second diffusion gradient pulse pair is used to calculate a -
where is the signal from an experiment with and with . is given by ,
where is the equilibrium apparent diffusion coefficient and is the "efficiency" of the diffusion filter (with values ranging from 0 to 1). The equilibrium is obtained from an experiment with no active diffusion filter ( ) as in a single diffusion encoding experiment (SDE)
, (4) where the is the non-diffusion weighted signal. However, previously published results did not consider that an observed -dependence of can also be due to the restriction in the sample [2] , since the validity of Eq. (1) is gradually lost when increasing .
A typical AXR experiment [10] only uses parallel orientations of diffusion gradients (ψ = 0). Computer simulations [13, 14] corroborated that at parallel diffusion gradients a decrease in signal is expected when increasing due to the decreasing restriction effect described by Mitra [2, 15] .
The aim of the present work is to prove that AXR estimation can be affected by this effect, and may yield nonzero AXR even in a sample where molecular exchange is not expected. For this, MR experiments were performed using a water-in-oil emulsion phantom.
Methods
DDE experiments were performed with a clinical whole-body MR system operating at 3 T magnetic field strength (Ingenia, Philips, Amsterdam), using an 8-channel head coil array (receive only). An in-house implementation of a DDE stimulated-echo echo planar imaging (EPI) sequence was used, comprising two diffusion encoding periods (see Figure  1) . All π/2 and π pulses were slice-selective. Crusher gradients were positioned immediately before and after the refocusing pulses. Crusher gradients were always perpendicular to the diffusion gradients. Spectral Presaturation with Inversion Recovery (SPIR) [16] was used for fat suppression.
Two experimental protocols were performed with fieldof-view = 196 x 196 x 5 mm 3 and voxel size = 3 x 3 x 5 mm 3 .
The experimental parameters are shown in Table 1 .
Diffusion gradients were applied along the read-out (x), phase-encoding (y) and slice-selection (z). Diffusion Δ1 and Δ2 are the times between the diffusion gradient pulses in q (1) and q (2) , respectively. and are the corresponding gradient strengths.
is the time between the two innermost gradients and is the angle between q (1) and q (2) . In this case, i.e. parallel q vectors. SPIR: spectral presaturation with spectral recovery. Homospoil gradient pulse during longitudinal storage shown in solid black. All diffusion gradients (G (1) and G (2) ) have equal duration and are trapezoidal in shape.
weighting gradients were applied parallel to the each other. The water-in-oil emulsion (with mean droplet diameter approx. 15 μm as determined by light microscopy) was prepared for the experiments (79% water, 20% safflower oil) was prepared using DMG-0295 (0.6%) and PGPR-4175 (0.4%) (Palsgaard, Juelsminde, Denmark) [17] . Here, no molecular exchange between compartments is expected. 
Results

Discussion and conclusion
In published FEXI results using yeast, an increase in ADC'(TM) is assumed as indication of molecular exchange with an AXR estimate of 1.8 s-1 [10] . The results obtained here are well above that value. Considering this, high values of AXR may be indicative of low or no permeability present in the sample. However, it is important to mention that the results in DDE experiments depend strongly on the parameters used. Optimization of timing parameters need to be done to easily distinguish between fast and slow diffusing spins. Lampinen et al. [18] proposed optimal parameters for filter exchange imaging of the brain. However, these parameters are highly dependent on the sequence implementation and the available gradient strength. In our case, the maximum available gradient strength was 45 mT m -1 (half that in other AXR- FEXI studies). This makes it difficult to reach the suggested protocol values.
The interpretation of the signal decay in DDE experiments needs to be analysed carefully, since the measured data do not only contain information related to molecular exchange but are also tightly coupled with the microstructural characteristics of the sample.
Numerical simulations [14] have shown that using impermeable spheres, it is possible to see a DDE signal decay ( ) when increasing , which translates into an increase in . This effect is important for impermeable spheres with diameter > 10 µm. As the droplet size in the water-in-oil emulsion used for these experiments is approx. 15 µm, the increase in observed in Figure 3 cannot related to molecular exchange or membrane permeability but is rather due to the restriction present in the sample and the large size of the compartments.
Here we can conclude that the effects of restriction need to be considered in studying compartments with diameters > 10 µm (like blood cells e.g.). In those cases, the effects of restriction need to be corrected for. In isotropic tissue, the use of perpendicular wave vectors may remove the necessity of such a correction, since the signal for ψ = π/2 is independent of in the absence of exchange. Alternatively, an average of results for ψ = 0 and ψ = π could be used. 
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